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Changes in the physical properties (such as particle density, bulk 
density of the bed, shrinkage and bed porosity of fresh green peas 
particulates were compared at 50oC, during fluidized bed drying 
and fixed bed drying. Empirical relationships of the following 
nature were developed for the changes in shrinkage [VR = A + B 
MR], particle density [ρp = A + B MR + C exp (-DMR)], and bulk 
density [ρb = A + B MR + C MR2] with moisture content for both 
fixed bed drying and fluidized bed drying and compared. 
Keywords: fixed bed, fluidized bed, shrinkage, bulk density, 
particle density, bed porosity 
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Introduction 
Drying of foods is a major operation in the food industry, consuming large quantities 
of energy. Dried foods are stable under ambient conditions, easy to handle, possess 
extended storage life and can be easily incorporated during food formulation and 
preparation. The drying operation is used either as a primary process for 
preservation, or a secondary process in certain product manufacturing operations 
(Fusco et al., 1991, Senadeera et al., 2003).  
 
There are several drying methods available for the drying of foods. One is fluidised 
bed drying, commonly used in drying particulate materials. Due to the rapid drying it 
has been considered as an economical drying method compared with other drying 
techniques (Borgolte and Simon, 1981; Giner and Calvelo, 1987).  
 
Shrinkage, bulk density, particle density and bed porosity are the major physical 
property changes taking place during the drying process. These properties vary 
during drying due to moisture removal, structural shrinkage and internal collapse 
(Balaban, M., 1989).  
 
To predict the changes in physical properties of various fruits and vegetables during 
drying, empirical models are available based on experimental observations. It is 
evident that the change in physical properties is a function of the type of the material 
and drying conditions.(Senadeera et al. 2003).  
 
The objective of this study was to model and compare the changes in physical 
properties of spherical particulates (green peas) in fluidised bed drying and  fixed 
bed drying at a drying air temperature of 500C. 
Materials and Methods 
Material 
Fresh green peas Pisum sativum of the variety Bounty was purchased from the 
same supplier in 10 kg boxes in their pods. They were shelled by hand and graded 
using a wire mesh. Those with average diameter 10 + 1 mm were selected and stored 
in a cold room for 24 hours at 4o C before experimentation to equilibriate moisture 
content. Initial moisture content was 75 ~ 80 (% wet basis). 
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Drying in a Fixed Bed  
Drying samples for the study was carried out in a heat pump dehumidifier 
system (Baleden, Brisbane, Australia) in Food Science and Technology, School of 
Land and Food Sciences, University of Queensland, Gatton, Australia. The drying 
was undertaken at an air temperature of 50 + 2o C (which is a common drying 
temperature) and relative humidity of 13 + 2 %. Before materials were loaded in the 
dryer, the dryer was run for 2 hours to achieve steady state conditions. Materials 
were placed into the drying system on mesh trays as thin layers, and stacked 
vertically to achieve maximum exposure to the air-flow.  
 
Samples were placed into a sealed container and immediately used for physical 
property measurements. For moisture determination, samples were stored 
immediately in a pre-dried sample bottle. The measurement of dimensions, volume, 
bulk density, and particle density was done immediately.  
Drying in a Fluidized Bed 
       Fluidised bed dryer was a batch type plexi-glass fluidising column of 185 mm 
inside diameter and length of 1m (Figure 1). The hot air was taken from a heat pump 
dehumidifier system (Intertherm P/L, Brisbane, Australia) coupled to the fluidising 
column by flexible ducts (Figure 1). Initial bed height of 150 mm was used. The hot 
air velocity passing through the material bed was kept at a constant value of 2.2 m/s 
for all drying experiments. This velocity was selected, because it was within the limit 
of fluidisation and terminal velocity of materials and within the capability of the fan. 
Samples were collected from the dryer at 30 minutes intervals through the sample 
outlet.  
Physical Property Measurement  
Volume 
The volume of the particles was measured by the liquid displacement method 
using liquid paraffin (SG = 0.8787 at 30o C) as the medium, similar to the method 
described by Zogzas et al. (1994), using a measuring cylinder of 22 mm inside 
diameter and 50 ml capacity.  
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Figure 1. Fluidised bed drying set up 
Particle Density 
 Samples were weighed using an electronic balance (Sartorius, + 0.001g). The 
volume of the same sample was then determined by the method described under 
volume measurement. Particle density was calculated as mass divided by volume. 
Bulk Density 
The weight of a sample was measured using an electronic balance (Sartorius, + 
0.001g). The pre-weighed sample was poured loosely into a measuring cylinder 
through a funnel. Without shaking, the horizontal plane representing average height 
of the product was estimated and volume was read from the scale.  
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Moisture Content 
The vacuum oven was used to measure the moisture content of the particles 
according to AOAC method 934.06 (1995) as suggested by Rosello et al. (1997). 
Moisture content was determined by measuring the loss in weight of finely chopped 
samples held at 700 C and 13.3 kPa vacuum for more than 24 hours.  
Bed porosity 
Bed porosity (ε) was calculated based on the measured bulk and particle density 
values, by applying the following equation (Zogzas et al., 1994): 
 
    ε = 1- ρb/ρap   (1) 
 
where, ρb = bulk density, ρap = particle density (apparent) 
Analysis of Experimental Data 
The data were analysed for the analysis of variance (ANOVA) to evaluate 
differences, and, linear regression and non-linear regression to obtain suitable 
models. For all the analysis the Statistical Analysis System software (SAS, 1985) 
was used. The curve which best fitted the data was taken as the model. Model 
validity was tested using measures of coefficient of regression (R2) and Mean 
Absolute Error Percentage (MAE%). 
Shrinkage 
In both cases the shrinkage behaviour changed linearly with moisture removal. 
The shrinkage behaviour of peas in fixed bed drying and fluidised bed drying was 
fitted to a linear equation and shown in Equations 2 and 3. 
 
Fixed bed - VR = 0.1893 + 0.8083 MR  (R2 = 0.96 and MAE% = 9.87) (2) 
Fluidised bed -     VR = 0.2319 + 0.7484 MR (R2 = 0.99 and MAE% = 7.04) (3) 
 
Comparing the shrinkage parameters at 50o C in fluid bed drying with fixed bed 
parameters it was found that there was a significant difference (p < 0.05) among 
them. More shrinkage was observed for the fixed bed. This may be attributed to the 
case hardening of the peas in the fluidised bed system due to higher drying rates. 
Also visco-elastic properties during drying may have been contributed to this effect. 
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Bulk Density 
Bulk density variation in the fixed bed and the fluid bed were also different. 
Variation of bulk density in the fixed bed was also correlated with the moisture by a 
quadratic equation similar to the one used for bulk density in fluidised bed drying. 
 
Fixed bed - ρb = 667.8 + 47.37MR -170.95MR2 (R2 = 0.87 and MAE% = 1.58) (4) 
Fluidised bed -ρb = 508.9 + 446.85MR-407.82MR2 (R2 = 0.80 and MAE% = 2.40)
         (5) 
 
Different trend of bulk density variation was observed for both fixed bed and 
fluidised bed. Fluidised bed drying produced a less dense product (low bulk density). 
This lowering of the bulk density was caused by less shrinkage of the product. The 
case hardening of the product due to high drying rates in fluidised bed might have 
contributed to this lower shrinkage. 
Bed porosity 
No trend was observed in bed porosity variation of peas during both drying 
conditions. A model was therefore not fitted to the experimental data., the porosity 
data were scattered probably due to irregular changes in density. Porosity changes 
between 0.35 and 0.45. 
Particle Density 
Figure 2 shows the variation in particle density with moisture ratio for drying in 
both  fixed bed and fluidised bed. Results were fitted to the moisture ratio by non-
linear equation used for the particle density (Equations 6 and 7). 
 
Fixed bed - ρ p = 1.1198 - 0.1006 MR + 0.0067 exp (- 6.17 MR)  (6) 
                         (R2 = 0.89 and MAE% = 1.17) 
Fluidised bed- ρ p= 1.0968 - 0.0985 MR + 4.896 exp (-142.09 MR)  (7) 
                           (R2 = 0.89 and MAE% = 1.59) 
 
Particle density variation showed similar behaviour in both fixed bed and fluidised 
bed. More dense particles were produced in fixed the bed through most of the drying 
period, though final particle densities were similar. This difference of particle 
density may be due to the shrinkage behaviour of the peas in fluidised bed and fixed 
bed. 
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Figure 2. Particle density variation in fluidized bed and fixed bed 
Conclusion 
 
Physical property changes during both drying and can be modelled with respect 
to the moisture content. Volume shrinkage was linearly correlated and Particle 
density of peas were correlated to non-linear models. In this comparison study (peas 
dried at 50o C in fixed bed and fluidised bed), lower shrinkage was experienced in 
fluidised bed drying compared to fixed bed drying probably due to case hardening at 
that temperature and changes in the property visco-elastic changes occurring during 
drying. Particle density variation showed similar behaviour in both the fixed bed and 
the fluidised bed, but denser particles were produced in the fixed bed due to different 
shrinkage behaviours in the two situations. However, final particle densities were 
similar. Low bulk density was found for the fluidised bed compared to the fixed bed. 
Low bulk density was also attributed to the differences in shrinkage. 
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Notations 
A, B, C, D – parameters 
MR - moisture ratio   (kg/kg db) 
VR – shrinkage 
ρb -  bulk density   (kg/m3) 
ρp -  particle density   (kg/cm3) 
ε - Bed porosity 
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